Understanding the phonon scattering by topological defects in graphene is of particular interest for the thermal management in graphene-based devices. We present a study at quantifying the roles of different mechanisms governing defect phonon scattering by comparing the effects of ten different defect structures using molecular dynamics. Our results show that the phonon scattering is mainly influenced by mass density difference with general trends governed by the defect formation energy, with typical softening behaviors in the phonon density of state. The phonon scattering cross-section is found to be far larger than that geometrically occupied by the defects. We also show that the lattice thermal conductivity can be reduced by a factor up to 30 in presence of grain boundaries formed by these defects.
I. INTRODUCTION
Accurate heat flow manipulation is of fundamental challenge for many graphene-based devices including electronic devices and nanoelectromechanical systems (NEMS).
1,2 Recent experiments showed the existence of topological defects 3-5 exhibit significant influence on thermal transport properties of graphene. [6] [7] [8] [9] [10] [11] [12] [13] [14] , and thus offer possibility to control graphene thermal conductivity by nanostructuring. 15 For instance, Haskins et al. proposed control of graphene thermal and electronic transport by introducing vacancy and Stone-Wales (SW) defects in graphene nanoribbons (GNRs). 16 Ng et al. reported that the presence of the SW defects can decrease graphene thermal conductivity by more than 50%. 17 Results of Tan and co-workers showed that the SW defect effect on thermal conduction in armchair-oriented graphene GNRs is stronger than that in zigzag-oriented GNRs. 18 Hao et al. further studied the dependence of thermal conductivity upon the SW defect concentration.
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Although the above results are revealing, most of recent studies were restored to one or two types of typical lattice defects such as the SW ones, a comprehensive comparison between different types of defect is absent, thus, the understanding on fundamental mechanisms governing phonon scattering by graphene topological defects remains fragmented. On the other hand, the structures of graphene lattice defects may depart considerably from one to others. 20 For instance, experimentalists have shown evidence for C-8 rings in graphene.
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Also, the existence of thermally stable point vacancies in graphene has been reported by a high-resolution transmission electron microscopy study. 3 The existing conditions for these defects are not clear up to date despite of their potential importance for graphene electronic and thermal transport properties.
II. METHOD
With the above motivations, it is crucial to understand the condition for existing different types of lattice defects and the correlation between the defect physical properties and graphene thermal conductivity. Here we search for possible atomistic configurations of lattice defects synthesized from different annealing processes, and calculate their influence on the graphene lattice thermal conductivity using molecular dynamics. In our simulations, defects are inserted into GNRs by either removing atoms or rotating neighboring C-C bonds 2 in the honeycomb lattice, as shown in Fig.1 . Molecular dynamics (MD) are then performed to find the stable atomistic configurations of the defective GNRs. [22] [23] [24] We use free boundary condition in three orthogonal directions. The system is relaxed at different temperatures for 0.5 ns with zero pressure using Nose-Hoover thermostat, before a stabilized configuration can be recorded. The inter-atomic potential used in our MD is the adaptive intermolecular reactive empirical bond-order hydrocarbon (AIREBO) model, in which the total inter-atomic energy is a collection of that of individual bonds. 25 Many-body effects are explicitly included by introducing a bond-order function, in which the influences of the bond angle, bond conjugation and atomic dihedral angle are taken into account. This approach showed accuracy in describing interactions between sp 2 carbon atoms in our previous studies.
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The lattice thermal conductivity of defective GNRs is calculated by non-equilibrium molecular dynamics (NEMD), in which a temperature difference is imposed between the two fixed edges of a suspended GNR. The temperature gradient ∆T , as well as the heat current
J are recorded in analogous to the typical experimental setup for measuring the thermal conductivity, which is defined by the Fourier's law, κ = Jl/∆T wt, where l and w stand respectively for the length and width of thermal conduction part, and a value of 0.335nm is assigned to t as the inter-planar spacing of graphite stacking. Our NEMD simulations consist of three steps: A Berendsen thermostat is used to help the system reaching equilibrium at room temperature in the first simulation phase; The temperatures in the heat source and sink are then controlled to reach the settled values (320 and 280 K respectively); The GNR center progressively reaches a steady state in 10 6 simulation steps. The measured quantities are averaged over the third step of further 10 6 steps. It is noted that we do not fix the ribbon in the direction normal to the graphene plane for getting closer to a real graphene, the ribbon geometry is thus not perfectly flat but with distortion to the third dimension.
One to five randomly placed defects per GNR are considered in the calculation with zigzag edge geometry along the direction of heat flow.
III. RESULTS AND DISCUSSIONS
Since graphene grows through very high temperature in its typical synthesis process, we simulate several different structures of defective graphene at 1000K and 2000K, before cooling down to the room temperature. The ribbon width is set to be large enough (20nm) in reported. 26 We notice that this structure exhibits significant distortion to the direction normal to the graphene plane. Since hybridization of the π orbital is supposed to be markedly modified by such large lattice distortion, important change in the electronic properties can be expected. 27 This effect will be particularly important in multi-layered graphene, due to modified van der Waals interactions and the possibility of spontaneously-formed covalent bonds with neighboring layers by thermal fluctuation.
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Physically speaking, there should be three major dependence of the phonon scattering by lattice defects: 1. The local bonding energy/force change; 2. The mass difference caused by replacing or removing atoms; 3. The defective cross-section area or width normal to the The thermal conductivity κ of defective GNRs is normalized with respect to that of a pristine GNR of the same size κ 0 .
heat flow. We first plot the lattice thermal conductivity as a function of the atomic bonding energy density (ρ) in Fig.2 , in which an inverse proportionality can be clearly seen. We find that the group of defects formed by bond rotation exhibits a clearly different dependency with the defects formed by point vacancies. This suggest that the mass density difference plays an important role besides the local energy change, while the effect of the cross section area is not as significant as the above-discussed mechanisms. No significant difference is found between the defect structures annealed from two different temperatures. The e1, g1, j1 (or e2, g2, j2) defects are found to reduce thermal conductivity the most, far beyond the limit of the typical SW defects.
To further understand the defect effect on phonon transport, we compute the phonon density of state (PDOS) for each type of the above-discussed defects that are shown in the thermal conductivity decrease. This is in good agreement with Ref. 32, 33 . This PDOS peak broadening effect may also be explained as the phonon scattering enhancement by the mass density difference.
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To show a quantitative correlation between the defect concentration and the thermal conductivity, in Fig.4 we plot the thermal conductivity ratio of the different defects as a function of the defect concentration. We see that κ/κ 0 exhibits an exponential-like decay at increasing defect number, this is in agreement with the results reported by Hao and co-workers. Similar thermal conductivity variation trends with respect to defects concentration were also reported previously. [35] [36] [37] It should be mentioned that our simulations may not provide the accurate absolute value of the graphene thermal conductivity since the sample size is far smaller than the phonon mean free path in graphene.
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The lattice defects can connect with each other to form line defects, which are widely distributed as grain boundaries in graphene synthesized through chemical vapor deposition.
Giving their importance we extended our NEMD simulations on a narrow GNR with aligned 5-8-5 defects placed at the ribbon center. Our results in Fig.5 shows a sharp temperature decrease crossing the line defects, resulting in a extremely high thermal resistance. 39 The thermal conductivity is found to be reduced by a factor of about 29.7. We note that, theoretical speaking, the sharp jump in the temperature profile should be weakened if the ribbon gets smaller, due to the corresponding decrease of phonon mean free path. 30 However, this effect should not be significant in our case since the phonon mean free path is supposed to be much larger than the ribbon's longitudinal dimension.
To illustrate the similarity and difference between heat flow in graphene with defect phonon scattering and fluid flow passing an obstacle, in Fig.6 we depict the thermal energy distribution in GNRs with three different lattice defects. We see that the thermal energy the largest distorted surface area in Fig.6 (c) , creating the broadest phonon scattering region near the heat source. We note that the distance between the edges and the defects could play an important role to change the mean free path of phonon, which would further impact on the thermal conductivity. 
IV. SUMMARY
In summary, we simulate phonon scattering in GNRs by ten different defect structures.
Our results show that the local energy gradient is the key to reduce the thermal conductivity, while the mass density difference plays a leading role. Phonon density of state analyses show a typical phonon softening behavior induced by the topological defects. We also show that the lattice thermal conductivity can be reduced by a factor up to 30 in presence of grain boundaries. The scattering pattern is found to be far larger than that geometrically occupied by the defects. The existence of these lattice defects including C-5, C-7, and C-8 rings can be expected to likewise explain experimentally measured thermal conductivities lower than the ballistic limit 38, 41 , and could probably suggest new lines of graphene microscopy research for experiments.
